Abstract. We report in this paper the unconventional bias and temperature dependence of the Hanle effect in a highly ordered CoFe/MgO/n-Si contact investigated by means of a three-terminal Hanle method. The spin signal and the effective spin lifetime obtained in this system show non-monotonic behavior with bias and temperature variations. Interestingly, the sign of the spin signal changes significantly with the bias voltage at a low temperature. The sign inversion is presumably ascribed to the contribution of interfacial resonant states formed at the CoFe/MgO interface or bound states in the Si surface during the spin extraction process.
Introduction
The electrical injection and detection of non-equilibrium spin populations in semiconductors (SC) is crucial for spintronic applications [1] [2] [3] [4] . Significant progress has been made on spin injection into various SC systems using spin-tunnel contacts [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Spin-tunnel contacts are a technically viable means of achieving large spin polarization in injecting carriers and effectively detecting the induced spin accumulation in SCs. Notably, the electrical spin injection and detection in a Si system was recently demonstrated using a Co/NiFe/Al 2 O 3 tunnel contact up to room temperature; this has a significant impact on Si-based spintronics [5, 19] . However, our understanding of the spin phenomena in these systems (e.g. the magnitude and sign of the induced spin accumulation [18, [20] [21] [22] [23] [24] [25] [26] , the unusual bias and temperature dependence [5, 10, 18, 19] and the unexpectedly short spin lifetime [5, 19] ) remains in the initial stage. In particular, the influence of the tunnel contact on the obtained spin signal in Si is yet to be studied adequately. For example, in order to obtain high tunnel spin polarization (TSP), it may be desirable to use highly ordered tunnel contacts with MgO(001) tunnel barriers and bcc ferromagnets (FMs) [6, 14, 27] . Studies on the effect of such a highly ordered tunnel contact on the spin signals in Si are very demanding. This paper shows that the spin signals in CoFe/MgO/n-Si, investigated by means of a three-terminal Hanle (TTH) method, are very much influenced by the properties of the tunnel contacts. In addition, an unconventional Hanle effect is observed in a highly ordered CoFe/MgO/Si system with bias and temperature variations. We find that (i) the spin signal and effective spin lifetime obtained in this system show non-monotonic bias and temperature dependence; (ii) the sign of the spin signal changes remarkably with the bias voltage at a low temperature. 
Experimental details
Figure 1(a) shows a schematic diagram of the device geometry used in this study. We fabricated a symmetric device consisting of three highly ordered CoFe/MgO/n-Si tunnel contacts (a-c, 100 × 150 µm 2 ). The contacts a (used as a spin injector/extractor and also as a spin detector) and b/c (used as references) are separated by about 300 µm from each other, which is much longer than the spin diffusion length. The measurement scheme in figure 1(a) , known as the TTH method [5, 16, 18, 19, 28, 29] , provides a simple way to study the electrical spin injection and accumulation ( µ = µ ↑ − µ ↓ ) in an SC. The TTH method has limitations for the reason that a quantitative analysis of the obtained spin signal is difficult compared to non-local Hanle 4 measurements and because it cannot fully uncover whether the measured spin accumulation comes from the bulk SC channel [19] or the localized states at the interface [18] . Nevertheless, the TTH enables us to investigate the effect of the tunnel-contact property on the spin signal with temperature (T ) and bias voltage (V 0 ) variations.
The highly ordered CoFe(5 nm)/MgO(2 nm)/n-Si(001) (As-doped, ρ ≈ 2 m cm, n d ≈ 2.5 × 10 19 cm −3 ) contacts were prepared by molecular beam epitaxy following a fabrication process described in the literature [30] . Figure 1(b) shows the in situ reflective highenergy electron diffraction (RHEED) patterns of the MgO(2 nm) layer, low-magnification and high-resolution transmission electron microscope (TEM) images, and diffractograms of the CoFe(5 nm)/MgO(2 nm)/n-Ge tunnel structure. The RHEED image of MgO grown on Si at 125
• C shows a spotty crystalline pattern, exhibiting a highly textured structure with an inplane crystallographic relationship of MgO (001) [31] .
Figure 1(c) shows the J -V characteristics of the CoFe(5 nm)/MgO(2 nm)/n-Si contacts at 300 K. We adopt the convention that a negative applied current (I < 0) corresponds to electron spin injection (V < 0) and a positive applied current (I > 0) corresponds to electron spin extraction (V < 0) (see the insets of figure 1(c) ). The figure exhibits nonlinear and quasisymmetric behavior with respect to zero bias, indicating that the MgO tunnel barrier plays a dominant role in electronic transport. We obtained a reasonable fit ( figure 1(d) ) to the G-V curve in the low bias region (±150 mV) using the Brinkman, Dynes and Rowell (BDR) model [32] with a barrier thickness of ∼ 20 Å (determined from the TEM). The BDR fit gives the average barrier height of ∼ 2.03 eV and its asymmetry of ∼ 0.05 eV at 5 K. The T dependence of the normalized zero bias resistance (ZBR) in figure 1(e), defined as R 0 (T )/R 0 (300 K), shows weak insulator-like behavior, indicating a pinhole-free tunnel barrier. These results confirm that the basic transport mechanism in this contact is tunneling.
Results and discussion

Electrical injection and detection of spin accumulation in a CoFe/MgO/Si contact at 300 K
At the beginning of each Hanle measurement, we applied a large enough in-plane magnetic field (>1 T) along the easy [100] CoFe axis (parallel to the long axis of the contacts in the device) to create homogeneous in-plane magnetization in each contact, after which the in-plane field was reduced to zero. To verify the magnetic homogeneity of the spin-tunnel contact, we investigated the magnetic domain structure of a Cr(2 nm)/CoFe(5 nm)/MgO(2 nm)/Si(001) reference sample using a magneto-optical microscope magnetometer (MOMM) [33, 34] and a vibrating sample magnetometer (VSM). A combined study using an MOMM and a VSM confirms that the CoFe layer in the contact has clear magnetic switching with almost uniform magnetization (not shown). In addition, the magnetic hysteresis curves are very well explained by the rotation of the uniform magnetization. The spin accumulation ( µ) in the CoFe/MgO/n-Si contact was measured by the voltage changes ( V ac ∝ µ) as a function of the perpendicular magnetic field (B ⊥ ) while keeping the constant current (I ab ). If we define V 0 by V 0 = V ac at B ⊥ = 0 and V 00 as 2 , which are comparable to that of a Co/NiFe/AlO/n-Si contact [5] . The Hanle signals can be described fairly well by a Lorentzian function [28, 29, 35] 
2 ) with = gµ B B ⊥ /h. Here, g is the Landé g-factor, µ B is the Bohr magneton and τ sf, ∓ is the spin lifetime. Using a Lorentzian fit and taking an electron g-factor of 2 for the n-Si, we estimated effective spin lifetimes (τ eff, ∓ ) of 62(−)/51(+) ps for heavily doped Si at 300 K. Such timescales are much smaller than the expected spin lifetime (of the order of ns) from the Elliott-Yafet spin 6 relaxation rate [36, 37] . We believe that the measured spin lifetime is a lower limit, and the true spin lifetime may be longer than τ eff, ∓ = 62(−)/51(+) ps. According to a recent report [38] , the local magnetostatic fields due to the finite roughness of the FM/oxide interface strongly reduce the spin accumulation at the SC interface and artificially broaden the Hanle curve. As proven by the in-plane measurement (M B) of the inverted Hanle effect [38] , shown at the bottom of figure 2(a), the interfacial spin depolarization effect is considered to be the main origin of the unexpectedly broadened Hanle curve in the CoFe/MgO/Si contact. Hence, the extracted values (from the Hanle curve with a Lorentzian fit) should be treated as the lower limit (or effective value) of the spin lifetime.
Non-monotonic temperature dependence of spin signal
One of the most important features in our data is the non-monotonic change of the Hanle curves with the T variation. Figure 2(b) shows the voltage changes ( V ac ) versus the perpendicular magnetic field (B ⊥ ) for the T range of 5-300 K when V 0 = ∓0.15 V. Strikingly, the magnitude and width of the signal do not vary monotonically with T (cyan arrows) and the Hanle signal is, in fact, inverted at a low T in the spin extraction condition (V 0 = +0.15 V). It should be noted that this sign inversion is different from the inverted Hanle effect [38] in the in-plane measurement (M B), as this curve is measured with a perpendicular magnetic field. This behavior is clearly in contrast with that of the Co/NiFe/AlO/n-Si contact, where the measured Hanle curve changes monotonically as T decreases [5] .
For a quantitative analysis, we plotted the electrical Hanle signal ( V ac ), the spin RA product (or spin signal, V ac /J ab ) and the effective spin lifetime (τ eff ) as a function of T at V 0 values of ∓0.15 V (−/+, spin injection/spin extraction) in figure 2(c) . The spin RA product ( figure 2(c) ) is useful in characterizing the obtained Hanle signal. At −0.15 V, the spin RA product remains almost constant as T is decreased to 100 K. It gradually increases as T is decreased further to 5 K, showing no sign inversion. In contrast, the spin signal measured at +0.15 V initially decreases (T > 100 K), crosses zero and finally increases in the negative direction below 70 K. The sign change of the signal from positive (T > 100 K) to negative (T < 70 K) will be discussed in the following sections.
As shown in the bottom panel of figure 2(c), the τ eff value at +0.15 V continually increases from 51 ps at 300 K to 170 ps at 5 K. In contrast, at −0.15 V, a weak variation of τ eff with T is observed, implying unequal momentum scattering rates [36, 37] for the injected and extracted electrons.
Single-step tunneling model
Given the symmetric J -V curves with weak T dependence (figures 1(c) and (e)) and the small RA values of the contact (∼1 × 10 −5 m 2 (300 K) to ∼2 × 10 −5 m 2 (5 K) at −0.15 V), we analyzed the observed spin signals based on the single-step tunneling [3, 18] using the following expressions:
Here, γ d is the TSP value corresponding to the detection of the induced spin accumulation at the Si interface, γ i/e is the TSP of the injected/extracted electrons, r ch is the spin-flip resistance associated with the Si channel, ρ is the resistivity of Si and l sf is the spin diffusion length in Si. In the degenerate regime of an SC [3] , the value of l sf is given by τ sf /4e 2 N (E F )ρ, where N (E F ) is the density of states (DOS) for Si. Because the ρ and N (E F ) values of heavily doped Si show weak T dependence [5] , the spin signal should vary with T , as
Therefore, the increase of V ac /J ab at a low T is a direct consequence of the corresponding enhancement [14] of γ d γ i/e ( figure 2(c) ). The sign inversion of V ac /J ab at a low T for spin extraction (V 0 = +0.15 V) is also closely related to the sign change of γ d γ e .
Sign inversion of the spin signal with a bias voltage at low temperature
Another noteworthy finding is that the sign of the spin signal also changes with V 0 in the TTH measurements. Figure 3(a) shows the V ac versus V 0 plot over the entire temperature range of 5-300 K (note that we utilized the V ac versus V 0 plot instead of the V ac versus I ab plot to specifically analyze the bias dependence with energy dimensions). When T > 100 K, V ac increases with V 0 , showing negligible asymmetry with respect to the bias polarity. However, when T < 100 K, a peculiar bias dependence with significant asymmetry arises. Interestingly, a negative value of V ac is observed in a low forward bias range (+25 mV < V 0 < +150 mV) 8 at 70 K. When T is decreased further, the region showing a negative sign gradually expands toward a higher bias, as shown in the inset of figure 3(a) . Figure 3(b) shows the Hanle curves obtained at 5 K for both bias polarities. The V ac, − in the negative bias range, corresponding to the electron injection from CoFe to Si, is negative, as shown in the top two curves obtained at −36.2 and −13.7 mV (I ab = −30 µA, and I ab = −10 µA, respectively). Additionally, V ac, + at a small forward bias at +7.5 mV (I ab = +5 µA) is positive, as expected from the conventional Hanle effect. However, when the forward bias is increased, V ac, + almost disappears at +14.1 mV (I ab = +10 µA), becoming negative in a larger forward bias range. With further increase in the bias (V 0 > +340 mV or I ab > +700 µA), the sign of V ac, + is switched again and eventually becomes positive. The associated values of V ac /J ab and τ eff are summarized in figure 3 (c) up to ±0.5 V.
The peculiar bias dependence of the spin RA product ( V /J ) can be understood in terms of the bias dependence of γ d γ i/e . As discussed in section 3.3, V /J is proportional to γ d γ i/e √ τ sf at a given T , and γ d γ i/e strongly influences the value of V /J . Using V ac /J ab and τ eff values, we estimated the V 0 dependence of γ d γ i/e (normalized), as shown in figure 3 (c). In the reverse bias region (V 0 < 0, spin injection), the magnitude of γ d γ i is relatively large with weak V 0 dependence. In contrast, in the forward bias region, the γ d γ e value shows peculiar bias dependence, including an inversion of its sign. Sign inversion of the spin signal was previously observed in non-local spin valve measurements with semiconducting spin channels [10, 24, 25, 39] . The inversion of the Hanle signal for the relative magnetic configuration [10, 14] (parallel or anti-parallel) in non-local Hanle measurements originates from the change of sign in γ d γ i/e . It should be mentioned that the Hanle effect always reduces the absolute value of spin accumulation (| µ |), but the polarity [10, 11, 14] of the Hanle curve is determined by the sign of γ d γ i/e . Note that
For γ d γ i/e > 0, a normal Hanle curve is observed; on the other hand, for γ d γ i/e < 0, an inverted Hanle curve is obtained. Although the same contact is used for both spin injection and spin detection in the TTH measurements, the sign of γ d is not necessarily the same as the sign of γ i/e . Even in metallic tunnel junctions, it is possible for the TSP of the tunnel contact to have either positive or negative values depending on the bias voltage; the very same tunnel barrier can have positive TSP at one bias and negative TSP at other biases. There are numerous examples of these phenomena in magnetic tunnel junctions (MTJs). For instance, Moodera et al [40] reported the asymmetric bias dependence and sign inversion of the tunnel magnetoresistance (TMR) in Co/Au/Al 2 O 3 /NiFe MTJs with quantum well states in the structure. De Teresa et al [41] showed that the sign of the TMR is reversed in a small bias range in epitaxial Co/SrTiO 3 /La 0.7 Sr 0.3 MnO 3 MTJs and that the metal/oxide interface plays an important role in determining the spin polarization of electrons tunneling from or into ferromagnetic transition metals. LeClair et al [42] showed that the asymmetry and inversion of TMR occur due to the band structure and DOS effects in Co-based MTJs. Greullet et al [43] reported a large inverse TMR in fully epitaxial Fe/Fe 3 O 4 /MgO/Co MTJs, which is strongly dependent on the bias voltage.
In the same vein, the observed sign change in the CoFe/MgO/Si contact appears to be closely associated with the asymmetrical bias dependence of tunneling phenomena. The injected electrons from the FM metal to SC have a narrow energy distribution near the Fermi level (E F ) 9 in CoFe [44] , whereas the energy level of electrons extracted from the SC to FM metals can be strongly dependent on the electron states in SC.
Spin extraction process via the interfacial resonant state at CoFe/MgO or bound states in Si
The sign inversion of γ d γ e at a finite forward bias (V 0 > 0, spin extraction) in figure 3(c) can be understood in terms of the spin extraction process through the interfacial resonant states (IRSs) [20, 21, 26] formed at the CoFe/MgO interface or the bound states (BSs) [22] in the Si surface, as depicted in figures 4(a) and (b). Three mechanisms for the inversion of the spin polarization in FM/SC Schottky contacts have been proposed: (i) transmission probability [21, 23] depending on the Schottky barrier profile of the SC, (ii) resonant tunneling via IRSs [20, 21, 26] at the FM/SC interface and (iii) tunneling from BSs [22, 45] in a heavily doped layer near the SC surface. As the electronic transport of our contact is dominated by the MgO tunnel barrier and not by the Schottky barrier (see figures 1(c)-(e)), the latter two mechanisms are more probable in our system: (ii) the interfacial bonding effect of CoFe-Mg may change the CoFe surface states [20, 46] , which may cause the IRSs to favor the extraction of minorityspin electrons and (iii) the inhomogeneous doping accumulation at the Si surface during the annealing process (e.g. pre-annealing at 500
• C, post-annealing at 300
• C) may create BSs from which preferentially extracted spins are in the minority [22] . Figure 4 shows a schematic illustration of the possible spin extraction processes from Si to CoFe and the associated Hanle effects. We limit our picture for the case of a positive γ d value, as it is not possible to unambiguously determine each sign of TSPs (γ d , γ e ) by means of TTH measurements. Thus, the CoFe prefers to align its E F with the electrochemical potential (µ ↑ ) of the majority-spin in Si (see black circles and arrows in figures 4(c) and (f)).
Weighting of majority-spin and minority-spin extraction processes and associated Hanle effects
The sign and magnitude of the accumulated spin in Si (under forward bias) are determined by the weighting of the majority-spin and minority-spin extraction processes [24] . The direct tunneling through a highly ordered MgO(001) barrier strongly favors majority-spin extraction owing to the symmetry conservation and spin filtering of bulk CoFe and Si wave functions [27] . On the other hand, the IRSs [20, 21, 26] formed at the CoFe/MgO interface or BSs [22, 45] in the Si surface promote minority-spin extraction. Because the contribution of the IRSs and BSs has a finite energy window, the applied forward bias can modify the contribution of those states to the total amount of tunneling conductance.
It is believed that the peaks around V 0 ≈ +150 mV in the sign-reversal regime (figures 3(a) and (c)) are associated with the dominant contribution of the minority-spin extraction processes. At a forward bias voltage of V 0 ≈ +150 mV, IRSs formed at the CoFe/MgO interface ( figure 4(a) ) or the BSs in the Si surface ( figure 4(b) ) promote minority-spin extraction (γ e < 0), resulting in majority-spin accumulation ( µ > 0) in the Si. In this case, an inverted Hanle curve is observed (because γ e γ d < 0); the minimum voltage signal is obtained at B ⊥ = 0, and it gradually increases as B ⊥ increases (see figure 4(c) ). The τ eff versus V 0 plot ( figure 3(c) ) also shows a peak at V 0 ≈ +150 mV, which coincides with the bias range where the sign inversion of the Hanle curve and the negative γ d γ e value are observed. The enhancement of τ eff is presumably 
